The synthesis of viral RNA species in tomato spotted wilt virus-infected Nicotiana rustica plants was followed in terms of time and relative abundance. Systemic symptoms were visible after 4 days postinoculation (p.i.), but viral (v) and viral-complementary (vc) strands of all three genomic RNA segments [large (L) RNA, medium (M) RNA and small (S) RNA] were detected from 2 days p.i. In addition, two subgenomic mRNAs, derived from S RNA, were detected. For the L RNA segment no subgenomic mRNAs were detected, suggesting that this segment is expressed via the synthesis of a genome-sized vc mRNA. A possible M-specific subgenomic mRNA was detected, showing a similar time course of appearance as the subgenomic mRNAs derived from the S RNA segment. Analysis of cytoplasmic RNA fractions revealed that both v and vc strands of all three genomic segments associate with the nucleocapsid protein into nucleocapsid structures, the vcRNA species being present in lower amounts. Intact, enveloped virus particles contained only the v strand of the L RNA segment and, surprisingly, both v and vc strands of the M and S RNA segment, though in different ratios.
Introduction
Tomato spotted wilt virus (TSWV) is a representative of the arthropod-borne Bunyaviridae and is unique in that it infects plants (de Haan et al., 1989a) . At the ICTV meeting in Berlin (1990) TSWV was accepted as the sole member of a newly created genus within the Bunyaviridae, denoted tospovirus. As is typical for members of the Bunyaviridae (Francki et al., 1991) , TSWV has enveloped particles that contain three different segments of ssRNA, denoted small (S) RNA (2.9 kb), medium (M) RNA (5.4 kb) and large (L) RNA (8.9 kb) (van Den Hurk et al., 1977; Mohamed et al., 1981 ; de Haan et al., 1990 . The genomic RNAs form pseudo-circular structures tightly associated with the nucleocapsid protein (N) of 29K, and a few copies of a large protein (L, approx. 200K) , putatively the viral transcriptase. Two membrane glycoproteins of 78K (G 1) and 58K (G2) form the spikes on the viral envelope (Mohamed et al., 1973; Tas et al., 1977; de Haan et al., 1989a) .
The nucleotide sequences of the S and L RNA segments have been determined recently (de Haan et al., 1990 . The L RNA is of negative polarity, containing a single, large open reading frame (ORF) in the viral complementary (vc) strand. This ORF encodes a protein of expected size 331-5K which, based on sequence comparisons with the Bunyamwera virus L protein and influenza virus PB1, is believed to be the viral transcriptase. The S RNA segment of TSWV has an ambisense gene arrangement, as is also found in the S RNAs of phlebo-and uukuviruses, two other genera within the Bunyaviridae (Ihara et al., 1984; Marriot et al., 1989; Simons et al., 1990; Giorgi et al., 1991) . The gene encoding the N protein is located on the vc strand, while a second gene, encoding a non-structural protein (NSs) of 52.4K, is found on the viral (v) strand (de Haan et al., 1990) . Although the intracellular location of the NSs protein has been determined, its function remains unknown .
To study further the expression and replication of the TSWV genome, the synthesis of viral RNA species has now been followed during systemic infection of Nicotiana rustica. To this end, total RNA extracts, prepared from infected leaf material at different times after inoculation, were analysed using strand-specific probes for each of the three genomic RNA segments. The results obtained demonstrate that TSWV follows the replication strategy characteristic of negative-strand RNA viruses, by which L, M and S vRNA, and M and S vcRNA become encapsidated in enveloped virus particles. In addition to S RNA-derived subgenomic mRNAs, a possible M-specific subgenomic mRNA has been detected in TSWV-infected N. rustica.
Methods
Plants, virus andcDNA clones. The Brazilian isolate BR-01 (CNPH1) of TSWV was maintained in N. rustica 'America' by mechanical inoculation. Complementary DNA clones representing the different RNAs of TSWV BR-01 have been described previously (de Haan et al., 1989b (de Haan et al., , 1990 .
Purification of TS WV and total cellular nucleocapsid material. Intact virus particles were purified according to Tas et al. (1977) with one modification as described by de Avila et al. (1990) . Viral particles were banded in 10 to 40% sucrose gradients and subsequently used for RNA extraction. Virus yield was usually in the range of 0.8 to t-2 mg virus/100 g infected leaf material. Viral nucleocapsids were isolated from infected leaf tissue as described by de ,~vila et al. (1990) , omitting the sucrose gradient step. RNA from intact virus particles or free nuqleocapsids was isolated by treatment with 1% SDS and phenol extraction. After ethanol precipitation, the RNA pellet was washed with 70% ethanol, dried and resuspended in water.
Total RATA extraction and Northern blot analysis. Young seedlings of N. rustica 'America' (three leaf stage) were mechanically inoculated with extracts of TSWV BR-01-infeeted leaves. After inoculation, systemically infected leaf samples were taken at different times until 14 days post-inoculation (p.i.). Total RNA was extracted from healthy and infected N. rustica according to de Vries et al. (1982) . Total RNA samples of 7 txg were resolved by eleetrophoresis through 0-6 to 1.2% agarose gels after treatment with methylmercuric hydroxide (Bailey & Davidson, 1976) . The RNA was blotted onto GeneScreen (New England Nuclear) and hybridized to 32p-labelled riboprobes of TSWV specific sequences. As a control, 0.5 ~tg TSWV BR-01 nucleocapsid RNA was included.
Preparation of strand-specie probes. Complementary DNA clones of TSWV BR-01 representing the 3' and 5' terminal regions of the L, M and S RNAs were cloned in transcription vector pSK + (Stratagene) according to standard procedures (Maniatis et al., 1982) . The eDNA clones used for this purpose are described in Fig. 1 . The pSK+ plasmids were linearized immediately downstream of the viral inserts and radioactive RNA probes were prepared by in vitro transcription using T7 or T3 RNA polymerase (BRL) in the presence of [ct-a2p]UTP (3000 Ci/mmol, Amersham) as described by Melton et al. (1984) . The run-off transcripts were checked for strand specificity by hybridization to spotted, template-free RNA transcripts.
Results

RNA species present in virions and nucleocapsid fraetions
Nucleotide sequence determinations (de Haan et al., 1989b (de Haan et al., , 1990 have revealed that the genomic L RNA of TSWV is of negative polarity, whereas the S RNA is ambisense, containing one ORF (encoding the NSs protein) in the v strand and a second ORF (the N protein gene) in the vc strand (Fig. 1) . For the M RNA, the limited sequence data available (de Haan et al., 1989 and unpublished results) indicate that this genomic segment is at least partly of negative polarity. To investigate which viral RNA species are present in enveloped viral particles and which RNA species are found encapsidated by N protein in infected cells, RNA extracts from purified virions and from cellular nucleocapsid fractions were denatured with methylmercuric hydroxide and resolved by agarose gel electrophoresis (Fig. 2a, Bailey & Davidson, 1976) . The RNA was transferred to GeneScreen membranes and hybridized to 32p-labelled strand-specific probes corresponding to the S, M or L RNA segment of TSWV ( Fig. 1 ). Northern blot analysis showed that cellular nucleocapsid fractions contained both v and vc strands of all three genomic segments, the vc strands usually being less abundant (Fig. 2b , lanes 2 and 4). Intact, enveloped virus particles, however, contained only the v strand of the L RNA segment and surprisingly, both v and vc strands of the M and S RNA segments, though in different amounts (Fig. 2b , lanes 1 and 3). The reason for this is not clear and was further investigated. As a first step, total RNA of TSWV-infected N. rustica 8 days p.i. was analysed on agarose gels (Fig. 2c , lane 1). The pattern of TSWV RNA species visible did not differ from the RNA pattern of purified virus or nucleocapsids ( Fig. 2a) but Northern blot analyses using 32p-labelled dsDNA probes of all three TSWV genomic RNA species demonstrated the presence of six distinct viral RNA species, ranging in size between 1.7 kb and 9 kb (Fig. 2c , lane 2). The RNA bands appeared as two doublets, at the positions of L and S RNA respectively, a single band at the position of M RNA and one additional minor RNA species. In order to resolve the identity and polarity of
On: Tue, 18 Dec 2018 22:12:33 these bands, time courses of total RNA extracts of TSWV-infected N. rustica were analysed using strandspecific riboprobes corresponding to the 3' and 5' terminal regions of the S, M and L RNA. Fig. 1 shows the location of most of the probes used for these analyses in alignment with the original viral S and L RNA segments. Owing to the lack of sequence data, the genomic structure of the M RNA and, as a consequence, the location of the M RNA riboprobe used is not represented.
Synthesis of T S W V S RNA species
Total RNA extracted from systemically infected N. rustica leaves at different times p.i. was resolved by agarose gel electrophoresis, transferred onto a GeneScreen membrane and hybridized to [3zp]UTPlabelled riboprobes from pSK +/S1 ( Fig. 3a and b) and pSK +/$2 ( Fig. 3 c and d ) of either polarity. As controls, total RNA from healthy N. rustica and purified TSWV nucleocapsids were included. The riboprobes clearly distinguished two genome-length S RNA species, i.e. the vRNA and vcRNA strands of this genome segment (Fig.  3) . When time courses were analysed for the synthesis of vRNA strands, probe S 1-vc always hybridized, although to a lesser extent, with the vcRNA strand (Fig. 3a) . This was caused by the fact that this probe did not demonstrate a 100~ strand specificity (see Methods). After comparison with the S RNA doublet observed during analysis of a total RNA extract of TSWV-infected N. rustica (Fig. 2c) , it was concluded that the vc S RNA strand migrated ahead of the v S R N A strand. Whereas the amount of vRNA increased with time, the production of vcRNA appeared to reach a steady-state level at 4 days p.i. Densitometric analysis of several autoradiograms indeed showed that, whereas the vRNA strand clearly accumulated, the vcRNA strand barely or did not accumulate from 4 days p.i. (data not shown). Both strands became detectable at 2 days p.i. At the same time two subgenomic RNA molecules of 1.7 kb (Fig. 3a ) and 1.2 kb (Fig. 3d) were detected. In view of the location of the probes within the physical map of the S RNA, and the sizes of the NSs and N gene encoded by this RNA segment (Fig. 1) , the subgenomic RNA molecules are likely to correspond to these two genes and represent subgenomic messengers. Both mRNAs are transcribed from complementary strands as they are detected by probes of different polarities. This is in agreement with the ambisense coding arrangement of the S RNA. These data furthermore indicate that the genome-length vc S RNA is not an mRNA but represents a replicative intermediate. 
Synthesis of T S W V M RNA species
To analyse the synthesis of M-specific RNA species during TSWV infection, cDNA clone pSK+/M1, containing 600 bp of viral insert, was used to prepare riboprobes. According to the restriction map and partial sequence data for the M RNA segment, the position of clone M 1 was located within the 3' terminal region of the M RNA. Time courses similar to those produced for TSWV S RNA species were analysed using these M RNA-derived riboprobes (Fig. 4) . As found for the TSWV S RNA segment, both genome-length strands of the M RNA were detected from 2 days p.i. The vRNA was synthesized in increasing amounts during the course of infection, indicating that newly synthesized M RNA was present in the extracts. The antigenomic strand accumulated much less and, from 4 days p.i., increased little or not at all. This was confirmed by densitometric anaysis of several autoradiograms (data not shown). Furthermore, an M-specific vc sense RNA molecule with a size of approximately 4-5 kb was detected (Fig. 4) . Since this RNA molecule has a positive polarity it may represent a subgenomic mRNA, which would indicate the presence of two distinct cistrons in M RNA. Indeed, this RNA species showed a course of appearance similar to that of the two subgenomic mRNAs of the TSWV S RNA segment.
Synthesis of T S W V L RNA species
The L RNA segment of TSWV is 8.9 kb long, containing one large ORF in the vcRNA . Analyses of TSWV-infected N. rustica revealed that various smaller L-specific RNA species may be generated from L RNA, by the introduction of variable size deletions . These smaller defective L RNA species seem to interfere with the replication of wild-type L RNA and may play a role in symptom attenuation in the host. For this reason, precautions had to be taken when analysing time courses on the appearance of functional TSWV L RNA species. Therefore, riboprobes of three different cDNA clones, two corresponding to the 5' and 3' terminal regions (pSK+/L1 and pSK+/L3) and one located internally (pSK +/L2), were used (Fig. 1 b) . As no different L RNA species were detected with any of the three probes, only the results with probe pSK +/L2 are shown (Fig. 5) . Two full-length L RNA molecules were detected, a vRNA molecule being found in increasing amounts during the course of infection and a vcRNA molecule reaching a steady-state level (Fig. 5) . The accumulation of the v strand and the lower, steady-state amount of the vc strand is characteristic for negative-strand RNA viruses.
Comparison of these results with the pattern of viral RNA species in a total RNA extract of TSWV-infected N. rustica demonstrated that, similar to the doublet of the S RNA, the L RNA doublet (Fig. 2c) consisted of a vc strand migrating ahead of the v strand. In accordance with the sequence data which revealed that L RNA contains one large ORF in vc sense, accounting for the whole RNA segment, no subgenomic mRNA for the L RNA segment was detected, indicating that the ORF in the vc strand of the L RNA is expressed from a genomesized mRNA.
Discussion
Analyses of viral RNA synthesis in TSWV-infected N. rustica revealed the presence of both the v and vc strands of all three genomic RNA segments, and three subgenomic RNA species. Using strand-specific riboprobes it was demonstrated that the doublets observed in the RNA patterns from infected leaf extracts (Fig. 2c) consisted of full-length v-and vcRNA strands of the genomic RNA segments, the vcRNA strands migrating faster than the v strands. For L RNA, the vcRNA strand was present in smaller amounts ( Fig. 2c and 5 ), whereas for M RNA the v-and vcRNA strands could not be observed separately (Fig. 2c ). Similar doublets have been shown within bunyavirus-infected animal cells (Cunningham & Szilagyi, 1987) . The full-length RNA strands of each polarity were shown to be present in nucleocapsids purified from infected cells, indicating that vcRNA is also associated with the N protein. The vc strands, however, are encapsidated in smaller amounts, possibly reflecting a difference in the amounts present in TSWV-infected N. rustica. From 2 days p.i. full-length v-and vcRNA strands of all three genomic segments (L, M and S RNA) could be detected. The replication of TSWV as a negative-strand RNA virus is clearly demonstrated in the time course analyses of the L RNA, where the positive strand failed to accumulate or hardly accumulated, and increasing amounts of the negative strand were observed during the course of infection. Similar results were obtained for the M and S RNA segments. In addition, for the S RNA, two subgenomic mRNAs were detected and were transcribed from opposite strands. No subgenomic mRNAs of the L RNA could be detected, indicating that the single ORF in the vc strand of the L RNA is expressed from a genome-sized mRNA.
Although analyses of M RNA species demonstrated the presence of a subgenomic RNA molecule of approximately 4.5 kb, the identity of this RNA molecule is still unknown. According to the nucleotide sequence of clone M1, used for the synthesis of riboprobes, this subgenomic RNA species is of positive polarity, indicating that it may function as a mRNA. If this is true, then M RNA of TSWV must contain at least two different translational units, which may be arranged in one strand or, similarly to S RNA, possibly in an ambisense way. Thus, a subgenomic mRNA with the size of approximately 4-5 kb could potentially encode a precursor to both G1 (78K) and G2 (58K) glycoproteins. Future elucidation of the nucleotide sequence will determine the exact gene arrangement in this segment.
The synthesis of TSWV-specific RNA species during the time course of infection resembles that of the animal Bunyaviridae and other segmented negative-strand RNA viruses, such as the Orthomyxoviridae and Arenaviridae, where RNA species of viral sense occur in excess over those of viral complementary sense (FullerPace & Southern, 1988; Ihara et al., 1985; Eshita et al., 1985; Smith & Hay, 1982) .
After infection, negative-strand viruses usually start RNA synthesis with primary transcription of the infecting genome by the virus-associated RNA polymerase. By using cycloheximide or other protein synthesis inhibitors, it has been shown for several negativestrand RNA viruses that ongoing protein synthesis is required for replication of the viral genome, indicating that a virus-encoded protein is necessary for the synthesis of vc-and vRNA. Primary transcription of the infecting genome is, however, often not or only partly inhibited (Hay et al., 1977; Barrett et al., 1979; Abraham & Pattnaik, 1983; Pattnaik & Abraham, 1983; Patterson & Kolakofsky, 1984; Eshita et al., 1985; Ihara et al., 1985; Franze-Fernandez et al. 1987; Shapiro et al., 1987) . In the case of influenza virus, a member of the Orthomyxoviridae family, the N protein has been shown to anti-terminate transcription resulting in the synthesis of full-length vc-and vRNA, thus causing a switch from transcription to replication (Beaton & Krug, 1984 , 1986 . A temporal separation of TSWV primary transcription and replication in vivo was not observed. This might be due to the asynchronous infection of cells during systemic infection of plant tissue. This is best illustrated by the time course analyses of the S RNA species where the N mRNA and NSs mRNA both appear at 2 days p.i. According to the ambisense coding arrangement of the S RNA, the NSs mRNA, however, can only appear after viral replication has taken place (Fig. 1) . A protoplast system may enable us to distinguish between primary transcription and replication, and to investigate the possible involvement of virus-encoded proteins in the switch from transcription to replication, by analogy to animal-infecting negative-strand viruses.
Analysis of RNA from purified, enveloped virions showed the encapsidation of both v and vc strands of the S and M RNA segments. Encapsidation of the subgenomic RNAs, however, appeared not to take place. The reason for encapsidation of both full-length strands is unknown but a similar situation has previously been shown to occur with the ambisense S RNA segment of Uukuniemi virus (Simons et al., 1990) . The presence ofv and vc S RNA in virus particles implies that both the N and NSs subgenomic mRNAs may be produced through primary transcription. Furthermore, involvement of NSs in the replication of the viral genome is plausible. A similar situation also appears with the M RNA, where vc M RNA becomes encapsidated in enveloped virions, even in relatively larger amounts than in the case of S RNA. Ethidium bromide-stained RNA patterns of purified, enveloped virions and free nucleocapsids, however, do not show an excess of M RNA over S RNA indicating that encapsidation of relatively larger amounts of vc M RNA is not merely a concentration effect. The absence of vc L RNA in purified, intact virions is plausible as the L RNA always appears in similar amounts in nucleocapsids and purified, intact virions as the M RNA.
The reason for encapsidation of vc M RNA in purified enveloped virions is not clear but the encapsidation of both v-and vcRNA strands of the ambisense S RNA segments of TSWV and Uukuniemi virus respectively (this paper and Simons et al., 1990) indicate that the encapsidation of vc M RNA may be explained by an ambisense gene arrangement within the M RNA segment. The detection of a possible M-specific subgenomic mRNA supports this hypothesis.
